ABSTRACT The involvement of gangliosides in processes related to nerve regeneration and sprouting has been demonstrated' recently. The type of interaction by which gangliosides may influence neuronal' sprouting was investigated in the present work.
the sprouting from dorsal root ganglia (DRG) of chicken embryo induced by nerve growth factor (NGF). Only a moderately inhibitory effect was produced by antibodies directed to GM2, suggesting a specific interaction between NGF and GM1. In spite of the low inhibitory effect ofanti-GM2 antibodies on sprouting, their binding to dissociated DRG cells was found to be higher than that of anti-GMl antibodies. These results emphasize the high resolution of the system and suggest that the interaction of NGF with GM1 is involved in the process of sprouting.
Gangliosides are cell membrane-associated molecules that appear to have an important role in various cellular events including differentiation, growth, transformation, and regeneration (1) (2) (3) (4) (5) (6) (7) . It has been demonstrated that administration of gangliosides intraperitoneally to denervated rats accelerates nerve regeneration (4) (5) (6) . The addition ofgangliosides to dorsal root ganglia (DRG) and neuroblastoma cells cultured in vitro has been found to promote neurite outgrowth from these cells (8) . These studies suggested that neuronal gangliosides play a role as mediator molecules in trophic interactions. Indeed, we recently have found that specific antibodies to gangliosides block neuritic outgrowth from goldfish regenerating retinal explants (7) .
Nerve growth factor (NGF) from mouse salivary gland is known to induce sprouting (9) (10) (11) . We have now extended our investigation of the role of gangliosides by studying sprouting from DRG induced by NGF. We have used liposomes containing gangliosides as an agent for affinity purification of antiganglioside antibodies. We found that addition of affinity-purified anti-GM1 antibodies to cultured DRG blocks the sprouting induced by J3-NGF. By contrast, antibodies against GM2 had only a limited effect, in spite of their higher extent of binding to dissociated DRG cells. It is suggested from the present study that gangliosides, in particular GM1, are involved in the process of sprouting from DRG induced by NGF. MATERIALS AND METHODS Gangliosides. These were. extracted from whole bovine brains with chloroform/methanol and' then subjected to alkali treatment and phase partition. The gangliosides were further purified by column chromatography on DEAE-Sephadex A-25 with elution by chloroform/methanol/0.8 M sodium acetate, 30: 60: 8 (vol/vol) (12) . The ganglioside preparations were found to be completely devoid of contaminating proteins detectable by amino acid analysis.
Preparation of Antibodies. Outbred rabbits were obtained from the breeding colony ofthe Animal Breeding Center ofthe Weizmann Institute of Science. The rabbits were immunized with highly purified mixed gangliosides (5 mg) complexed noncovalently to methylated bovine serum albumin (5 mg; Sigma) suspended in phosphate-buffered saline (P1/NaCI) and emulsified with Freund's adjuvant to which 5 mg of Mycobacterium tuberculosis H37Ra had been added. The total volume was divided between the hindfoot pads or administered into three sites on the back (13) .
Solid-Phase Radioimmunoassay for Antiganglioside Antibodies. The radioimmunoassay was done according to Smolarsky with minor modifications (14) . Wells of microtiter plates were coated with 100 A.l of a mixture of the tested ganglioside (30 Ag/ml) and phosphatidylcholine (300 pug/ml) in ethanol.
After evaporation of the ethanol, the wells were washed with P1/NaCl containing 0.3% gelatin and 0.1 mM EDTA. Following the last wash, antibodies (100 Al) at the appropriate dilutions were added for 3 hr at room temperature. Extensive washes were then performed with the gelatin-containing buffer, and the last wash was done with P1/NaCl containing 1% bovine serum albumin. Finally, "2I-labeled goat anti-rabbit antibodies were added (100 Ap, 105 cpm) to each well and the mixture was incubated for 3 hr at room temperature. The wells were then washed, dried, and assayed for radioactivity.
Binding of "MI-Labeled NGF to Gangliosides. NGF was labeled with "1I by using the lactoperoxidase method (15) . Wells coated with a mixture of the specific gangliosides and phosphatidylcholine were further incubated with l`I-labeled NGF (125I-NGF) diluted in Pi/NaCl containing 1% albumin. Preincubation with unlabeled NGF was carried out for 30 min prior to the addition of the labeled NGF; Affinity Purification ofAntiganglioside Antibodies by Using Liposomes Containing Gangliosides. Liposomes were prepared according to the procedure developed by C. Gitler and his colleagues (personal communication). Gangliosides (200 ,1l, 1 mg/ ml in chloroform/methanol, 2:1) were added to 2.2 mgofcrude preparation of L-a-phosphatidylcholine (from soybean, Sigma, type IV-S). After 1-hr incubation at 37TC, a glass bead was added to the solution and the mixture was mixed by vortexing for 3 min to get liposomes. The liposomes were then dried by a stream of N2 and left overnight at room temperature in a desiccator. The liposomes were then resuspended in 240 ,u1 of PJ NaCl so that the final concentration of the lipids was brought to 10 mg/ml. Affinity purification of antibodies was done according to the following steps.
Abbreviations: DRG, dorsal root ganglia; NGF, nerve growth factor; Pi/NaCl, phosphate-buffered saline..
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2. The tubes containing liposomes were centrifuged (10,000 x g, 1 min), the supernatants were discarded, and the pellets were washed twice with Pi/NaCl.
3. To extract bound antibodies, 500 1Al of butanol/Pi/NaCl 4:1 (vol/vol) was added to the liposome pellet and thoroughly mixed. The tubes were then centrifuged and the aqueous phases were collected. This extraction was repeated three times and the aqueous solutions were combined. 4 . The traces of butanol from the collected aqueous solution were evaporated by stream of N2.
The amount of extracted immunoglobulin was determined by a spectrophotometric method (1.4 Am8g nm = 1 mg/ml). Antibody titer was determined by solid-phase radioimmunoassay. Binding of Antiganglioside Antibodies to Dissociated DRG. The DRG from 9-day chicken embryos were collected and dissociated mechanically in Dulbecco's minimal essential medium containing antibiotics (BioLab, Israel). Wells of flexible microtiter plates were coated with poly-L-lysine (10 pug/ml). The coated wells were then washed and to each well was added 105 cells (25 ul per well) . The cells were incubated for 40 min at 37TC and 1 hr at 4TC. The plates were centrifuged at 29 X g for 15 min, the supernatants were removed, and the tested antibodies in Dulbecco's minimal essential medium containing 1% albumin were added to the immobilized cells (50 ,1. per well); incubation was for 4 hr at 37TC. After extensive washing with medium containing 1% albumin, "2I-labeled goat anti-rabbit IgG (105 cpm per well) was added to each well, and the mixture was incubated overnight at 4TC. The wells were then washed, cut, and assayed for radioactivity.
Cultures of DRG. DRG from 9-day chicken embryos were cultured in wells of microtiter plates coated with poly-L-lysine (10 ug/ml; Sigma) in Dulbecco's minimal essential medium containing antibiotics. Various amounts of purified NGF (from the salivary gland) were added to the medium (1-100 ng/ml).
When the effect of the various antibodies on the sprouting was tested, the cultured DRG were incubated with the medium containing antibodies at the appropriate concentration throughout the entire experiment. Growth was scored at 24 and 48 hr in culture; density and length of the neurites were taken into consideration, giving growth indices of 0-5 defined as neuritic growth index. RESULTS DRG cultured with NGF in serum-free medium displayed extensive neurite outgrowth within 16-20 hr. Addition of antibodies specific to GM1 to the medium containing 10 ng of NGF per ml had an inhibitory effect on the sprouting of DRG. At 24 hr in culture, no significant neuritic outgrowth could be detected in the presence of anti-GMl antibodies at 10 Ag/ml; at 48 hr, outgrowth could be detected in the same cultures, indicating that the inhibitory effect was not due to irreversible toxicity of the antibodies (Fig. 1B) . The shapes of the curves appeared to be the same, but the relative degree of inhibition after 48 hr was less than after 24 hr (Fig. 1A) . The extent of inhibition was found to depend on the concentration of NGF, ies on sprouting from DRG induced by NGF. DRG were cultured in medium containing 10 ng of NGF per ml and the various antibodies added at the indicated concentrations: El, 10 ,ug/ml; i, 1 ug/ml; 1, 0.1 ug/ml. Growth was scored after 24 hr of culture and is expressed as in Fig. 1 . NRIg, normal rabbit Ig.
the sprouting induced by NGF at 100 ng/ml (Fig. 2) .
In an attempt to examine the specificity of the effect of anti-GM, antibodies on the outgrowth induced with NGF, antibodies against GM2 or cerebroside were examined. These antibodies also were purified by using liposomes containing the specific ganglioside or cerebroside. This method eliminated the possibility that the observed effect was due to the procedure used for the antibody purification. When DRG were stimulated with NGF (10 ng/ml), anti-GM2 and anticerebroside antibodies exerted only a moderate effect compared to the effect ofanti-GML antibodies. Anti-GMl antibodies (10 ug/ml) led to 70% of inhibition of sprouting, whereas this amount of anti-GM2 or anticerebroside antibodies resulted in 25% or 45% inhibition, respectively; no inhibition with normal rabbit Ig could be detected under the same experimental conditions (Fig. 3) .
GM, and GM2 are closely related in their structure, differing by one sugar residue; nevertheless, they have a low immunological crossreactivity. The results shown in Fig. 4 indicate that the binding of anti-GMl antibodies to immobilized GM1 was significantly higher than that ofanti-GM2 antibodies. We also measured the binding ofanti-GMl and anti-GM2 to dissociated DRG cells in order to find out whether the higher inhibition ofsprouting by anti-GMl antibodies resulted from a higher concentration of GM, in the membrane ofDRG cells or from the higher affinity of NGF to GM,. The dissociated DRG cells were found to bind about 2-fold more anti-GM2 than anti-GMl antibodies (Fig. 5) .
The interaction between NGF and GM, was also demonstrated by the direct, although low-affinity, binding capacity of 15I-NGF to immobilized GM, (Table 1) . (9) (10) (11) 16) . Among such factors is the well-characterized NGF (9) , which has been demonstrated in vitro to induce sprouting from DRG and from PC-12 cells (17) .
A number of investigations have proposed that gangliosides are involved in various trophic interactions (1) (2) (3) (4) (5) (6) (7) (8) . In the in vitro model for goldfish optic nerve regeneration, extensive sprouting was induced by fetal calf serum (18) (19) (20) or by factors derived from glial cells and goldfish brain (21, 22) . The addition of antibodies directed against mixed gangliosides to the cultured retina was shown to exert an inhibitory effect (7) . The goal of the present study was to elucidate the role ofganglioside in sprouting induced by NGF. Affinity-purified antibodies that were prepared by using liposomes containing gangliosides were used as a specific and appropriate tool for our investigation.
The results suggest that NGF binds to membrane gangliosides and preferentially to GM,. Although there is a high degree of chemical homology between GM1 and GM2, they have low immunological crossreactivity (Fig. 4) . Therefore, the affinitypurified antibodies to each type could have been used as a sensitive tool for distinction between the involvement of these molecules in the trophic effect of NGF. Anti-GM, exerted a significantly higher inhibitory effect on sprouting from DRG than did anti-GM2, even though the latter bound to the dissociated cells ofthe same age to a higher extent (Fig. 5) . Anticerebroside antibodies mediated an inhibitory effect smaller than that of anti-GM, but higher than that of anti-GM2. This suggested that some of the inhibition resulted from the small degree of anticerebroside activity common to all three types of antibodies (Fig. 3) .
The binding of NGF to DRG and PC-12 has been shown to involve two steps (23, 24) . NGF first binds to low-affinity receptors; this is followed by binding to a high-affinity receptor. It is likely that the binding ofNGF to the membrane ganglioside represents the low-affinity binding which induces the subsequent binding to NGF receptors, representing the high-affinity binding that is a prerequisite for NGF internalization. Thus, the initial binding of NGF to gangliosides probably is required for the induction of changes in NGF receptor within the plane of the membrane, as has been proposed for several hormonal systems (25, 26) . It is also possible that the binding to gangliosides is required for the metabolic activation of the cells, as has been proposed for the interaction of thyrotropin with thyroid plasma membrane (27, 28) : the interaction of thyrotropin with the membrane ganglioside activates the adenylate cyclase which is coupled to the binding of thyrotropin to the specific receptor, probably a glycoprotein. Our preliminary results, in favor ofthe proposed model, have shown that 15I-NGF binds directly, although with low affinity, to immobilized GM, (Table 1) .
NGF was shown to undergo retrograde axonal transport (29) . However, its transport could not be inhibited by the mere addition of gangliosides (30) . Further studies are required to find out whether the mechanism underlying NGF interaction required for sprouting or for retrograde transport are different. It is also possible that the ganglioside molecules that were added to NGF in an attempt to block its retrograde transport were inserted into the neuronal membrane as was demonstrated by Gorio et aL (5) . Under such conditions the expected inhibition of transport could have been compensated for by the increased number ofgangliosides in the membrane. This situation is likely to occur if the binding of NGF to ganglioside is indeed of low affinity as we have proposed. In our preliminary experiments the binding of '"I-NGF to dissociated DRG cells was higher when GM1 molecules were added. Thus, it seems that, for investigation of the interaction between ganglioside and trophic factors, use of affinity-purified antibodies is appropriate.
